Age-related decreases in olfactory sensitivity are often accompanied by a decrease in the quality of life. However, the molecular mechanisms underlying these changes are not well described. Inhaled substances including odorants are detected by sensory neurons in the olfactory cleft covered with a layer of mucus. This olfactory mucus is the first molecular machinery responsible for tissue protection and for detection of environmental odorants. Yet, little is known about the molecular identities of the actors because of the lack of information on the mucus proteome and its age-related changes. Here, we sampled human mucus from different nasal locations and from young and elderly subjects. The composition of the mucus was extensively analyzed by shotgun proteomic analysis for a vast array of proteins. We also explored correlations between the levels of each mucus proteins with the olfactory sensitivity of subjects. This analysis revealed previously unrecognized proteins with potentially important functions in olfaction. Taken together, this report describes the most comprehensive catalogue of the nasal mucus proteins to date, their positional and age-related differences, and candidate proteins associated with olfaction. This catalogue will provide fundamental information useful for future studies, such as identification of olfactory auxiliary proteins, causes of age-related declines in olfaction, and biomarkers for neurodegenerative disorders.
Olfaction, the sense of smell, is important for daily life. Odorants, toxic substances, and microorganisms are inhaled into the nasal cavity and make direct contact with the nasal mucosal layer. During this process, however, information is obtained from the external environment at the risk of tissue damage and infection. The information includes early warning for fire fume and polluted environments, flavor and palatability of food, and identities of other individuals. The decline in the ability to detect and discriminate odorants in older individuals renders one less aware of potential danger, diminished appetite supporting nutritional status, and decreases in the quality of life. The age-related decrease in olfactory function also tends to parallel the development of neurodegenerative disorders such as Alzheimer's disease and sporadic Parkinson's disease [1] [2] [3] . Clarifying the molecular nature of the olfactory system and its age-dependent changes could pave ways for not only understanding how the sense of smell is constructed and maintained but also developing tools for diagnosing neurodegenerative disorders.
The discovery of putative odorant receptors in olfactory sensory neurons (OSNs) initiated the molecular era of olfactory research 4, 5 . OSNs scattered in the olfactory epithelium (OE) function to detect environmental odorants and convey odor information to higher brain areas 6 . In humans, the OE is located at the level of two narrow passages, the olfactory clefts (OCs), at the upper part of each nasal cavity. The OC is covered by a layer of mucus, which is secreted from Bowman's glands and supporting cells 7 . Olfactory mucus is assumed to play multiple roles: maintenance of tissue integrity of the OE, protecting olfactory neurons, which are connected to the brain, from harmful volatiles and pathogenic microorganisms, and contributing to the detection of odorants. Recent studies using animal models have revealed that the olfactory mucus contributes more directly to odorant detection. Proteins in the olfactory mucus contribute to several pre-receptor events such as enzymatic metabolism of odorants and recruiting odorants to receptor sites [8] [9] [10] [11] [12] [13] . Despite the importance of the presumed functions of olfactory mucus, the molecular identities of the actors responsible for these functions remain largely unknown. There are only a few studies of human olfactory mucus, providing us with a small window into the range of olfactory mucus proteins. Mucus from the OC was compared to mucus from more anterior parts in the nasal cavity using a liquid chromatography-UV (LC-UV) spectrum 14 . This analysis indicated distinct molecular compositions, likely because the mucus in the OC and that in other parts of the nose are produced by different glands. Recently, a proteome analysis was conducted, and 83 proteins in human OC mucus were identified 15 . Despite these advances, considerable gaps have still remained. In the LC-UV spectrum study, odorant-binding proteins OBP2A and OBP2B, two members of the lipocalin family, were proposed as specific to OC mucus 14 . In contrast, a RNA-seq analysis indicated that the OBP genes did not show any OE-specific expression and the expression levels of the OBPs in the OE were quite low 16 . Alternatively, the OE was highly enriched with the transcripts of another lipocalin protein, which was not in the list of the 83 proteins determined by the above mentioned proteome analysis study 15 . Taken together, the following points remain to be determined: (1) the identities of additional OC mucus proteins beyond the ones identified so far, (2) the differences in the mucus protein composition across different nasal locations, and (3) the age-related changes of OC mucus proteins.
A previous proteomic analysis of human olfactory mucus was conducted using two-dimensional gel electrophoresis followed by MALDI-TOF-MS analysis 15 . This methodology has, in most cases, been replaced by a direct analysis using shotgun proteomics, which allows identification of a much larger number of proteins with higher reproducibility 17 . However, this methodology has not been applied to the analysis of olfactory mucus. Here, we employed a shotgun proteomics approach to provide the most comprehensive analysis of the protein composition of human olfactory mucus. Olfactory mucus from healthy, young (21-40 years old) and elderly (65-80 years old) individuals was collected using a technique that has previously been used to collect nasal secretions 18 . In order to determine the degree to which mucus collected from the OC truly differs from mucus collected from other locations in the nasal cavity, we also analyzed mucus from the anterior nasal cavity (hereafter referred to as ANC and see Method). Finally, we conducted a correlation analysis to investigate a relationship between olfactory sensitivity of participants and the levels of each mucus protein. This report describes the best understanding of the olfactory mucus protein composition to date, its tissue specificity, its age-related changes and candidate proteins which are involved in olfaction.
Result and Discussion
Data overview of olfactory cleft mucus. Olfactory mucus samples were obtained from the OC of 12 young and 12 elderly subjects (Table S1 ). Protein concentrations of OC mucus were 17 ± 4.8 mg/ml in young and 15 ± 5.6 mg/ml in elderly (Table 1 and Table S1 ). These concentrations were much higher than in saliva (1-3 mg/ ml) 19 . 2.5 μg protein equivalent of each mucus sample was digested by trypsin and applied for shotgun proteome analysis. As a result, the average number of identified proteins with high confidence was 1236 ± 230 in young and 1227 ± 274 in elderly subjects (Mean ± S.D., FDR = 1.0%, Table 1 ). The total number of identified OC protein species is 2987 from 24 subjects (young: 2502, elderly: 2586, respectively, Table 1, Tables S2 and S3 ). This number is much larger than 83 reported in a previous proteomic analysis and covers 75 of the 83 protein species (90%) identified in the report 15 . The identified proteins include those with known intracellular functions. The presence of these proteins could potentially represent tissue damage from our sampling methodology. Alternatively, the fact that olfactory cells undergo continuous turnover during which they release a variety of intracellular proteins suggests that these proteins are natural components of olfactory mucus.
It is worthwhile to note that the shotgun proteomics approach is insensitive for growth factors and cytokines because these proteins are usually small in size and produced in small quantities. Thus we conducted antibody-based Luminex multiplex assays to analyze the profile of 30 cytokines and growth factors in the mucus, its age-related change and association with olfactory sensitivity of subjects as reported recently 20 . We compared our OC mucus proteome with the previously reported transcriptome of the elderly OE 16 . The transcripts of the 2209 of the 2586 identified OC mucus proteins (85%) were detected from the OE in the RNA-seq analysis. The levels of mRNA in the OE biopsies and the levels of corresponding proteins in the mucus show a slight but significant correlation (r = 0.51, P < 0.0001; Supplementary Fig. S1 ). In contrast, mRNA from the respiratory epithelium showed less correlation (r = 0.21). These observations suggest that the OC proteome reflects gene expression in the OE, ensuring validity of our analysis.
Thus, we describe below the most comprehensive view of the olfactory mucus proteins identified in humans using shotgun proteomics analyses.
Comparison between the OC and the ANC proteomes. There is broad consensus that tissue-specific expression has functional implications 16, 21 Because OSNs are located in the OC, proteins relevant for odorant recognition should be more abundant in the OC mucus than in the mucus covering any other nasal regions. A previous study reported a comparison of HPLC profiles of mucus sampled at different nasal sub-locations: the OC and more anterior regions in the nasal cavity, implying differences in the protein composition despite their anatomical proximity 14 . However, the observed HPLC profiles were based on UV absorption at 215 nm and therefore were not necessarily derived from proteins. Here we directly examined proteomic differences between OC and ANC mucus in order to identify candidate proteins which play important roles in olfaction.
We sampled ANC mucus from the same subjects and analyzed protein composition by shotgun proteomics. Protein concentration of ANC mucus was lower than that of OC mucus (P = 0.025, Wilcoxon matched-pairs signed rank test, n = 24; Table 1 ). Shotgun proteomics identified 959 ± 234 proteins in young and 995 ± 196 proteins in elderly on average (Table 1 ). In the 12 young subjects, the number of protein species identified was 2053 from the ANC mucus versus 2502 from the OC mucus (Table 1) . They comprised in total 2694 protein species, including 1861 that were detected in both ANC and OC mucus and 833 that were detected only in the OC or the ANC mucus. On the other hand, we detected 2648 proteins from the elderly mucus samples, of which 1866 were detected in both the ANC and OC mucus and 782 were detected either in the ANC or the OC mucus. The abundance of each protein was estimated using emPAI, a reliable quantification method, especially when the difference is above 1.3-fold [22] [23] [24] . We calculated emPAI concentration (emPAI per 1 μl mucus) for each protein and made comparisons between the OC and the ANC. The distribution of each protein concentration indicated that the 833 and 782 unique proteins identified from the young or the elderly, respectively, were quantitatively minor components within the entire proteome of the OC and ANC mucus (Fig. 1A,B) . Then we compared the average concentrations of the proteins that were detected from both the OC and the ANC mucus (Young: 1861, Elderly: 1866). Scatter plots of the concentration distribution in the OC mucus relative to the ANC mucus revealed a high correlation coefficient (Young: r = 0.89, P < 0.0001, Elderly: r = 0.90, P < 0.0001, Fig. 1C,D) . Wide non-uniform spread at the low abundance area was also observed, probably due to reduced accuracy of measurements of the peptides that are present at close to the background level as previously described 25 . These results indicate that the overall protein contents of the OC and ANC mucus are similar in young and elderly. Mucus in the OC and the ANC has been suggested to be produced by different glands and therefore differ in composition 14 . However, our result suggests that a continuous layer of mucus bathes the nasal epithelium and some mixing occurs.
Although the vast majority of proteins in the OC and ANC mucus were detected at comparable abundances, a subset of proteins was enriched in the mucus from either of the two positions. When the P value (concentration in the OC vs. ANC mucus) is below 0.05 (FDR-adjusted) and the OC/ANC ratio of the average concentration (emPAI/μl) is above 1.3, the protein is considered OC-enriched 24 . 109 out of 2694 proteins identified from the young subjects met the statistical criteria of adjusted P values below 0.05 (Magenta in Fig. 1C ). The same analysis on the elderly proteome resulted in 13 proteins with significant differences (Magenta in Fig. 1D ). Thus, we selected 109 and 13 proteins as candidates for either ANC-or OC-enriched proteins. Using the second criteria of OC/ANC ratios above 1.3, we identified 87 out of the 109 proteins from the young subjects as OC-enriched (Fig. 1C,F and Table S4 ). Similarly, 10 out of the 13 elderly proteins were identified as OC-enriched (Table S5) . Collectively, we concluded that these 87 and 10 proteins were OC-enriched proteins in young and elderly, respectively. Young OC-enriched proteins were not necessarily abundant in the elderly, potentially due to age-dependent alterations. Therefore, we describe below an overview of the OC mucus-enriched proteins by focusing on young subjects (Table 2) .
OC mucus-enriched proteins. Because not much information on positional differences of mucus proteins is available, to evaluate the identified OC-enriched proteins we compared our data with the data from a transcriptome analysis of human OE-expressed genes 16 . This transcriptome analysis did not clearly identify OBP2A and OBP2B, two human lipocalins whose orthologs are highly expressed in the olfactory tissue in other mammalian species 16, 26 . Instead, proteins with the highest enrichment in the OE compared with other tissues were another lipocalin member and the bactericidal/permeability-increasing (BPI)-fold containing proteins 27 . Consistently, our shotgun proteome analysis was unable to identify OBP2A and OBP2B in the OC mucus, although we cannot exclude the possibility that there exists degradation products of OBPs or OBPs with post-translational modifications 15, 28 . Alternatively, a lipocalin, LCN15, and a BPI-fold containing protein, BPIFB4, were detected with a clear trend of OC-enrichment ( Supplementary Fig. S2 ). Although these two proteins did not meet our criteria of OC-enriched described above and applied in Fig. 1C , statistically significant differences between their levels in the OC and the ANC mucus were observed when the levels were individually compared using student's t-test (p < 0.003 for LCN15, p < 0.043 for BPIFB4). Lipocalins and BPI-fold containing proteins were suggested to function as odorant-binding proteins to carry or remove odorants 27, 29 . Thus, an evolutionary process seems to have selected LCN15 and BPIFB4 instead of OBP2A and OBP2B for human olfaction. The consistency of the enrichments supports the reliability of our identification of OC-enriched proteins.
One of the proteins showing the largest enrichment in the OC mucus is heat shock-related 70 kDa protein 2 (HSPA2). HSP70 family of heat shock proteins are expressed in human OSNs, and one such protein, HSC70t, acts as a molecular chaperone for odorant receptors 30, 31 . Interestingly, HSP70 appears to be secreted into olfactory mucus and play additional roles, in a secreted form, in immune and inflammatory responses 32, 33 . Then we classified OC-enriched proteins based on PANTHER (protein analysis through evolutionary relationships) classification system (Fig. 1G) . The analysis identified the most dominant category of the OC-enriched proteins is proteins involved in metabolic processes. The large number of proteins in this category may reflect the requirement of protection mechanisms that shield OSNs from inhaled harmful compounds including some odorants. This category comprises three dehydrogenases (ADH1B, ADH1C and ADH7) which are known to metabolize toxic compounds with alcohol moiety 34 . Xenobiotic metabolizing enzymes, glutathione S-transfrases of GSTA1 and GSTP1, which were shown to convert odorant structures in model animals, were also enriched in the OC mucus, in agreement with a previous observation 35 . A member of chloride intracellular ion channels (CLIC6) was also identified. CLICs have been known to function not only as membrane channels but also GST-like enzymes in soluble forms 36 . These metabolizing enzymes are likely involved not only in detoxification but also for efficient odorant detection by enzymatic conversion before binding of chemosensory receptors 10 . Taken together, we provide a list of OC-enriched proteins which could be used to search for candidate proteins involved in olfactory-specific processes.
Age-related changes in nasal mucus protein compositions. To investigate age-related difference in the mucus proteome, olfactory mucus from young and elderly individuals was similarly analyzed. The protein concentrations of the OC and ANC mucus were not significantly different between young and elderly (P = 0.41 for OC, P = 0.39 for ANC, Mann-Whitney test). The number of the identified proteins did not differ significantly between the two age groups ( Table 1 ). The overall protein compositions are also similar: the unique proteins in either of young or elderly were found to be minor components and concentrations of the common protein constituents are comparable ( Fig. 2A-D) . Nonetheless, we successfully discovered 22 proteins showing age-related differences using similar criteria applied for classifying OC-enriched proteins. In our shotgun proteome analysis, 22 out of 2986 proteins showed adjusted P values below 0.05 (protein levels in young vs. elderly, Magenta, Fig. 2C-F) . Our second criteria based on elderly/young or young/elderly ratios of average concentration (emPAI/μl) above 1.3 excluded two proteins, thus, 20 proteins from our shotgun proteome analysis show age-related changes (Table 3 and Table S6 ). These 20 identified age-related proteins include some previously known age-related proteins. It has been suggested that alpha and pi members of glutathione S-transferases (GSTA and GSTP) in olfactory mucus were decreased in older subjects 35 . Consistently, GSTP showed the largest age-dependent difference among the 20 proteins from our shotgun proteome analysis (Table 3) . Similar declining trends were also observed in the major GSTAs (A1 and A3) from the elderly mucus ( Supplementary Fig. S3 ). We also detected elderly mucus-specific enrichments of two pro-inflammatory proteins, S100a8 and S100a9 ( Supplementary Fig. S5 ), which are known to robustly increase during normal aging in the central nervous system 37 .
Aging is commonly associated with a state of chronic inflammation which contributes to DNA damage and cognitive decline [38] [39] [40] . Correspondingly, we found that mucus from the elderly was enriched with inflammation-related proteins (Table 3) . OC mucus proteins with the largest differences between the two age groups were S100-A9 and S100-A8, which were central inflammatory regulators capable of driving and responding to inflammation signals [41] [42] [43] . It is worth noting that the heterocomplex of S100A8-S100A9 contributes to amyloid plaque accumulation and a decline of cognitive performance in an Alzheimer's disease mouse model 44 . Hemoglobin subunits which are elevated in elderly individuals may imply inflammation-related bleeding as is the case reported in the saliva of subjects with early stages of periodontal disease 45 . Transthyretin, which is a tetrameric protein, plays a role in transporting vitamin A and thyroxine and has been suggested to be related to inflammation and neurodegenerative deseases 46, 47 . A light chain, Ig kappa chain C region, was also increased in the elderly mucus. Increased free light chain concentration has been described in a variety of inflammatory and autoimmune diseases including rhinitis 48, 49 . Neutrophil gelatinase-associated lipocalin (also called lipocalin 2) was enriched in the elderly OC mucus. This protein was derived from macrophages and was shown to increase in patients with inflammation 50 . Several proteins that showed reduced levels in the mucus from elderly subjects are also associated with inflammation and neural dysfunction. Dj-1 has a neuronal protective role against oxidative stress: loss of function of Dj-1 variant has been linked to early onset forms of parkinsonism 51, 52 . Phosphatidylethanolamine binding protein 1 (PEBP-1), which is also known as Raf kinase inhibitory protein, is involved in several cellular processes 53 . In Drosophila, RKIP orthologs are expressed in an olfactory organ and function in carrying odorants into chemoreceptors 54 . The disruption of PEBP1 was not only associated with a wide range of diseases, including Alzheimer's disease, but also resulted in low olfactory performance in older mice 53, 55 . Cystatins A and B (also known as stefin A and B, respectively) were also lower in the mucus of the elderly than of the young. Cystatin A functions in tissues which participate in the first line of defense against pathogens. Polymorphysm in Cystatin A has been linked with atopic dermatitis, a chronic inflammatory skin disease 56 . Cystatin B is linked to inflammation and neurodegenerative disorders [56] [57] [58] . Interestingly, deficiency in cystatin B gene results in decrease of the anti-inflammatory cytokine, IL-10, which play a role in preventing inflammation 59 . Some proteins that decreased with age are likely involved in metabolism and detection of odorants. Metabolic enzymes, including a glutathione S-transferase (GSTP), chloride intracellular channel protein 1 and alcohol dehydrogenase [NADP(+)], were decreased in elderly subjects. They may contribute to the clearance of recognized odorants from mucus in order to protect the OE from harmful compounds as well as to prevent prolonged adaptation which is often reported among the elderly 60 . Interestingly, glutathione S-transferase(s) was also suggested to affect odor perception by rapidly metabolizing inhaled odorants before receptor binding 11 . Chloride intracellular channel proteins may have a similar metabolic function as glutathione S-transferase 35 . PEBP-1 may also function as odorant-binding proteins, which recruit hydrophobic odorants into receptor sites 54 . These proteins probably metabolize and carry only a small fraction of odorants based on their substrate selectivity. Therefore the age-related decrease seems to explain odorant-selective decline of olfaction among the elderly as reported previously 61 . But decrease of these mucus proteins may also explain a general decline of olfaction. Odors in our daily Mucus proteins associated with olfactory sensitivity. In order to associate individual differences in the composition of olfactory mucus with a functional outcome, we conducted sensory tests to characterize one of the types of olfactory function in the participants. Olfactory thresholds for two odorants, phenylethyl alcohol and n-butanol were measured for each participant. The average value of thresholds for the two odorants was utilized as an index of olfactory sensitivity. The olfactory sensitivity values showed a statistically significant difference between the two age groups (Fig. 3A and Table S1 , P = 0.003, Student's t-test), consistent with general knowledge on age-related decline in olfaction 62, 63 . This analysis also highlighted substantial individual variability. The origins for the observed variability are both of individual and age-related differences. In addition, the variability could be caused by differences in not only nasal mucus but also molecular and cellular compositions in the olfactory epithelium and the brain. But in the present study, we searched for mucus proteins that may account for the variability. A Spearman correlation was used to test 2989 OC-mucus proteins for their correlation with the averaged olfactory sensitivity. As a result, a total of 83 proteins were significantly correlated at P values < 0.05 across 24 subjects. 52 and 31 proteins were negatively and positively correlated, respectively (Tables 4 and 5 ). The full set of proteins with significant correlations was listed in Table S7 .
Negatively-correlated proteins include molecular markers for normal aging, S100a8 and S100a9 37 , verifying the fact that olfactory decline is in parallel with aging ( Fig. 3B and Table 4 , No. 15 and 31) . The proteins which account for the largest percentage of negatively-correlated proteins are keratins (KRTs 2, 4, 6A, 9, 13, 14, 15), which protect epithelial cells (No. 49, 8, 40, 52, 21, 2 and 4) . Although keratins are often regarded as major contaminants in proteomic experiments, the observed significant correlations with olfactory sensitivity suggest that they were derived from an olfaction-related origin, such as the olfactory mucus. Secretion of keratins into bodily fluid results from tissue injury 64 . Therefore, damage in the OC may cause increased amount of mucus keratins and a corresponding decline in olfactory performance. PANTHER classification identified a unique category of proteins correlated negatively with olfactory sensitivity (Fig. 3C ). This category is immune system process and includes three proteins (BPI (No. 14), Acetyl-coenzyme A synthetase (ACSS2, No. 45) and Cysteine-rich protein 2 (CRIP2, No. 41)). All of these proteins are related to inflammation. Murine BPI-fold containing protein has been known to be expressed peripherally only with inflammatory stimuli and to exhibit antimicrobial activity 65 . ACSS2 is involved in macrophage inflammatory cytokine responses by synthesizing metabolically available acetyl-coA 66 . Secretion of CRIP2, which regulates cytokine expression, is stimulated by lipopolysaccharide which induces inflammatory response 67 . Thus inflammation is associated tightly with olfactory decline, consistent with the results in Wang et al. 20 . Positively-associated proteins include BPIFB4 and LCN15 (Fig. 3B and Table 5 , No. 6 and 17). These proteins are putative odorant binding proteins and enriched in olfactory tissue in RNA and protein levels, implying functional involvement with olfaction 16 . The observed positive correlations with olfactory sensitivity are consistent with this implication and suggest that BPIFB4 and LCN15 function in binding and recruiting PEA and n-butanol. Identification of calmodulin (( Fig. 3B and Table 5 , No. 14) seems to be also reasonable because a similar case was reported in saliva. Salivary calmodulin concentration of patients with taste and smell dysfunction is significantly lower than in normal subjects 68 . This observation indicates association between amount of secreted calmodulin and olfactory performance although no knowledge on origin of calmodulin in olfactory mucus impedes further speculation. Other identified proteins are involved in a variety of biological processes as shown in PANTHER classification but have currently little or no previous association with olfactory function. Taken together, these protein lists can be the basis for future studies to reveal molecular mechanisms of olfaction from the point of view of olfactory mucus function.
Conclusion
This report, to our knowledge, is the first to apply the shotgun proteomic approach to analyze human olfactory mucus and its positional and age-related differences. This study revealed many more proteins than had been previously documented. Protein compositions from different nasal areas were more similar than expected, but regional differences in protein composition were identified. Age-related differences in mucus composition were also delineated, implicating peripheral causes of age-related olfactory decline. Thus, we believe that the present dataset provides the most comprehensive database of the olfactory mucus proteome and its age-related changes.
We identified a list of mucus proteins which accounted for the observe variability in olfactory sensitivity of our participants. We acknowledge that the number of subjects for our analysis is relatively small given the fact that the sense of smell shows large individual variability [69] [70] [71] . Therefore, we cannot exclude the possibility that some mucus proteins which are critically involved in olfaction were overlooked. However, the present lists are reliable and informative because our analysis consistently identified proteins previously associated with olfactory function and inflammatory processes. This proteome dataset will support future research on the mechanism of human olfaction, causes of age-dependent decline and biomarkers for neurodegenerative disorders in our aging society.
Methods
Human subjects. Subjects were recruited by advertisement and compensated for their time and effort. All subjects provided informed consent prior to participation. The study protocol was approved by the University of Pennsylvania Institutional Review Board and the research was performed in accordance with all U.S. Department of Health and Human Services regulations for the protection of human subjects (45 CFR 46) . Twelve young subjects between the ages of 21-40 and twelve older subjects between the ages of 65-80 were tested. The sexes were roughly the same in each group. Subjects did not have any subjective or objective evidence of sinonasal inflammation based on subject history and nasal endoscopy. Pregnant women and smokers were excluded from the study. Sensory analyses. In order to associate changes in the composition of olfactory mucus with functional outcomes, we conducted sensory tests to characterize olfactory function in our participants. We measured olfactory thresholds for two compounds (PEA and n-butanol) and odor identification for 16 odorants. Sensory thresholds were collected using Sniffin' Sticks in a 3-alternative forced-choice procedure, as previously described 72, 73 .
Collection of mucus.
The mucus collections were conducted at the Department of Otorhinolaryngology, Head and Neck Surgery of the Hospital of the University of Pennsylvania. Mucus samples were collected using the sponge region of an eye spear (bvi ultraClean TM , Beaver-Visitec International, USA) that is cut from the handle, soaked in double-distilled water and dried. Following instillation of topical lidocaine, the sponges were placed bilaterally under direct visualization using a 4 mm 30° endoscope (Karl Storz, El Segundo, CA) in the olfactory groove between the middle turbinate and superior nasal septum (the olfactory cleft: OC) and just deep to the nasal vestibule, between the inferior turbinate and inferior nasal septum (Anterior part: ANC), for 10 minutes. Then the sponge was removed from the nose and placed in a tube (1.5 ml) with a hole in the bottom poked by a 20 gauge needle. Another tube was placed below the punctured one and centrifuged at 10000 rpm for 2 min. The collected nasal secretions were frozen until use.
Reagents. Procedures Tryptic digestion. Protein concentrations were determined using the Pierce BCA Protein Assay by using bovine serum albumin (BSA) as standard. 50 μg protein equivalent of mucus samples in 90 μl of 100 mM Tris-HCl (pH.8.0) were transferred to 2.0 ml Protein LoBind tubes. The cysteines of mucus proteins were reduced by incubating with 5 μl of 15 mg/ml DTT in 100 mM Tris-HCl for 30 min at 37 °C. Alkylation was performed by adding 5 μl of IAA solution (100 mM Tris-HCl) to a final concentration of 50 mM and samples were incubated at 37 °C for 30 min. The samples were then mixed with 20 μl of 0.1 mg/ml Lys-C in 100 mM Tris-HCl for 3 h at 37 °C. Tryptic digestion was performed by adding 20 μl of 0.1 mg/ml trypsin from Porcine Pancreas in 100 mM Tris-HCl. The samples were cleaved overnight at 37 °C. On the following day, TFA was added to a final concentration of 0.5% and sample solutions were evaporated in a vacuum concentrator which comprised a centrifugal concentrator (VC-15SP; TAITEC, Japan) and a vacuum controller (FTP-10; Iwaki, Japan). The samples were reconstituted in solution A (5% ACN with 0.1% TFA in distilled water). 40 μg protein equivalent of each sample was desalted on GL-Tip SDB combined with GL-Tip GC (Top). The tips loaded with samples were washed with 20 μl of solution A and eluted with solution B (80% ACN with 0.1% TFA). After desalting, the samples were evaporated in the vacuum concentrator and dissolved in 50 μl of 2% ACN with 0.1% FA.
LC-MS/MS.
In order to determine the relative peptide concentrations of samples after tryptic digestion, 3 μl out of 50 μl sample solutions was analyzed using nanoAcquity UPLC (Waters). Estimation of relative peptides quantity was based on UV peak area at 214 nm in comparison with that from trypsine-digested BSA. Peptides were firstly loaded onto a trapping column (SymmetryC18TrapColumn 180 µm I.D., 20 mm, 5 µm, Waters, USA) using a buffer of 2% ACN with 0.1% FA for 3 min at a flow rate of 5 µl/min. The trapping column was set in-line with an analytical column: nanoAcquity UPLC BEH130 C18 (Waters, USA). The column temperature was maintained at 35 °C. The peptides were eluted with a linear gradient of 95% of phase A (0.1% FA in distilled water): 5% of phase B (0.1% FA with 80% ACN) to 50% of phase A: 50% of phase B over 30 min at a flow rate 0.4 µl/min. Then the percentage of phase B was held at 95% for 15 min, followed by decrease to 5% which was maintained for 15 min.
2.5 μg equivalent of peptide samples were analyzed using Ultimate 3000 RSLCnano System (Dionex) coupled to a TripleTOF 5600 + (AB SCIEX, Japan). After injection, the peptides were trapped on Acclaim PepMap 100 Nano Trap C18, nanoViper (100 µm I.D., 20 mm, 3 µm, Thermo, USA) under a buffer of 0.1% TFA in distilled water for 5 min at a flow rate of 5 µl/min. The eluted peptides were then applied onto an analytical column, MonoCap C18 High Resolution 2000 (JL Science, Japan) maintained at 40 °C. The peptides were eluted with a linear gradient of 95% of phase A (0.1% FA in distilled water): 5% of phase B (0.1% FA with 80% ACN) to 50% of phase A: 50% of phase B over 365 min at a flow rate 0.5 µl/min. Then the percentage of phase B was held at 95% for 55 min. The effluent introduced directly into the integrated nano-electrospray ionization source operating in positive ion mode. The TOF-MS mass range was set to m/z 350-1250. MS/MS scan was operated in data dependent scan mode performed to acquire fragmentation spectra within the range of m/z 100-2000 at mass tolerance of 50 mDa and at accumulation time of 100 msec. Fragmentation of the peptides was by Collision Energy of 37 V with collision energy spread of 15 V. Dynamic exclusion of m/z values to prevent repeated fragmentation of the same peptide was applied with an exclusion time of 15 s.
Database search. MS/MS data acquired with LC-MS/MS was performed using the Mascot Daemon software (version 2.4, Matrix Science, UK). Data were searched against human entries in the SwissProt (2012). Carbamidomethylation of cysteine was set as a static modification and oxidation of methionine was set as a variable modification. The mass tolerance was set to 20 ppm and 0.1 Da for precursor and fragment, respectively. The false discovery rate (FDR) by searching decoy databases was estimated to be 1.0%. The abundance of identified proteins was estimated by calculating emPAI, which is one of semi-quantitative approaches widely used in comparative proteomic studies [21] [22] [23] . The emPAI is an exponential form of PAI (the number of detected peptides divided by the number of observable peptides per protein).
Statistical analyses.
Results are expressed as mean ± standard deviation. Statistical analysis was conducted using Graphpad prism7. For the results of the shotgun proteome, multiple t-tests were conducted in a following condition. Discovery determined using the two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with desired FDR (Q) = 5%. Computations assume that all rows are sample from populations with the same scatter. Quantitative differences of each protein between two nasal regions or two age groups were considered to be statistically significant for FDR adjusted P < 0.05, and for concentration ratio of a protein from two groups >1.3. Correlations were evaluated using the Spearman rank correlation coefficient method for the data presented in Tables 4 and 5 . The statistical significance of the difference in averaged threshold among two aged groups was analyzed by student's t-test. Normal distributions were verified by Shapiro-Wilk test with a significance level of 5%.
Data Availability
Data generated or analyzed during this study are included in this published article (and its Supplementary information files) or are available from the corresponding authors on reasonable request.
